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• The Hierarchy Problem
• Setting the scene: Extra Dimensional 

Paradigms
• Tabletop Experiment Limits
• Constraints from Astrophysics and 

Cosmology
• Collider Phenomenology and Limits
• Limits from (the lack of) Black Holes at 

the LHC
• Conclusions
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3

SM:10-38 
fine-tuning

Saturday, October 1, 11



LBNL RPM Seminar, September 29, 2011 Greg Landsberg, Modern Constraints on TeV Gravity

Large Hierarchies Tend to Collapse...

3

SM:10-38 
fine-tuning

Saturday, October 1, 11



LBNL RPM Seminar, September 29, 2011 Greg Landsberg, Modern Constraints on TeV Gravity 4

But Keep in Mind…

Saturday, October 1, 11



LBNL RPM Seminar, September 29, 2011 Greg Landsberg, Modern Constraints on TeV Gravity 4

But Keep in Mind…
• Fine tuning (required to keep a large hierarchy 

stable) exists in Nature:

Saturday, October 1, 11



LBNL RPM Seminar, September 29, 2011 Greg Landsberg, Modern Constraints on TeV Gravity 4

But Keep in Mind…
• Fine tuning (required to keep a large hierarchy 

stable) exists in Nature:
– Solar eclipse: angular size of the sun is the same as 

the angular size of the moon within 2.5% (pure 
coincidence!)

Saturday, October 1, 11



LBNL RPM Seminar, September 29, 2011 Greg Landsberg, Modern Constraints on TeV Gravity 4

But Keep in Mind…
• Fine tuning (required to keep a large hierarchy 

stable) exists in Nature:
– Solar eclipse: angular size of the sun is the same as 

the angular size of the moon within 2.5% (pure 
coincidence!)

– Politics: Florida recount, 2,913,321/2,913,144 = 

Saturday, October 1, 11



LBNL RPM Seminar, September 29, 2011 Greg Landsberg, Modern Constraints on TeV Gravity 4

But Keep in Mind…
• Fine tuning (required to keep a large hierarchy 

stable) exists in Nature:
– Solar eclipse: angular size of the sun is the same as 

the angular size of the moon within 2.5% (pure 
coincidence!)

– Politics: Florida recount, 2,913,321/2,913,144 = 
      1.000061 (!!)

Saturday, October 1, 11



LBNL RPM Seminar, September 29, 2011 Greg Landsberg, Modern Constraints on TeV Gravity 4

But Keep in Mind…
• Fine tuning (required to keep a large hierarchy 

stable) exists in Nature:
– Solar eclipse: angular size of the sun is the same as 

the angular size of the moon within 2.5% (pure 
coincidence!)

– Politics: Florida recount, 2,913,321/2,913,144 = 
      1.000061 (!!)
(Food for thought: is it really that much fine tuned?)

Saturday, October 1, 11



LBNL RPM Seminar, September 29, 2011 Greg Landsberg, Modern Constraints on TeV Gravity 4

But Keep in Mind…
• Fine tuning (required to keep a large hierarchy 

stable) exists in Nature:
– Solar eclipse: angular size of the sun is the same as 

the angular size of the moon within 2.5% (pure 
coincidence!)

– Politics: Florida recount, 2,913,321/2,913,144 = 
      1.000061 (!!)
(Food for thought: is it really that much fine tuned?)

– Numerology: 987654321/123456789 = 

Saturday, October 1, 11



LBNL RPM Seminar, September 29, 2011 Greg Landsberg, Modern Constraints on TeV Gravity 4

But Keep in Mind…
• Fine tuning (required to keep a large hierarchy 

stable) exists in Nature:
– Solar eclipse: angular size of the sun is the same as 

the angular size of the moon within 2.5% (pure 
coincidence!)

– Politics: Florida recount, 2,913,321/2,913,144 = 
      1.000061 (!!)
(Food for thought: is it really that much fine tuned?)

– Numerology: 987654321/123456789 = 
                                                                  8.000000073 (!!!)

Saturday, October 1, 11



LBNL RPM Seminar, September 29, 2011 Greg Landsberg, Modern Constraints on TeV Gravity 4

But Keep in Mind…
• Fine tuning (required to keep a large hierarchy 

stable) exists in Nature:
– Solar eclipse: angular size of the sun is the same as 

the angular size of the moon within 2.5% (pure 
coincidence!)

– Politics: Florida recount, 2,913,321/2,913,144 = 
      1.000061 (!!)
(Food for thought: is it really that much fine tuned?)

– Numerology: 987654321/123456789 = 
                                                                  8.000000073 (!!!)
(Food for thought: is it really numerology?)

Saturday, October 1, 11



LBNL RPM Seminar, September 29, 2011 Greg Landsberg, Modern Constraints on TeV Gravity

• But: what if there is no other scale, and 
SM model is correct up to MPl?

– Give up naturalness: inevitably leads to 
anthropic reasoning

– Radically new approach – Arkani-
Hamed, Dimopoulos, Dvali (ADD, 
1998): maybe the fundamental Planck 
scale is only ∼ 1 TeV?!! 

• Gravity is made strong at a TeV scale 
due to existence of large (r ~ 1mm – 
1fm) extra spatial dimensions:

–SM particles are confined to a 3D “brane”
–Gravity is the only force that permeates 
“bulk” space

• What about Newton’s law?

• Ruled out for infinite ED, but does not 
apply for compact ones:

• Gravity is fundamentally strong force, 
but we do not feel that as it is diluted 
by the large volume of the bulk space
                            = 1/MD

2;  MD ∼ 1 TeV

• More precisely, from Gauss’s law:

• Amazing as it is, but as of 1998 no one 
has tested Newton’s law to distances 
less than ∼ 1mm! (Even now it’s been 
tested to only 37 µm!)

• Thus, the fundamental Planck scale 
could be as low as 1 TeV for n > 1

5

1998: Large Extra Dimensions

G�
N = 1/(M [3+n]

Pl )2

V (�) =
1

M2
Pl

m1m2

�n+1
� 1

�
M [3+n]

Pl

⇥n+2

m1m2

�n+1

V (�) � 1
�
M [3+n]

Pl

⇥n+2

m1m2

rn�
, for�⇥ r

Mn+2
D � M2

Pl/rn

r =
1⇤

4�MD

�
MPl

MD

⇥2/n

⇥

⇤
⌃⌃⇧

⌃⌃⌅

8� 1012m, n = 1
0.7mm, n = 2
3nm, n = 3
6� 10�12m, n = 4

Saturday, October 1, 11



LBNL RPM Seminar, September 29, 2011 Greg Landsberg, Modern Constraints on TeV Gravity 6

Randall-Sundrum Model

G

Planck brane

AdS

• Randall-Sundrum (RS) model [PRL 83, 
3370 (1999); PRL 83, 4690 (1999)]
–One + brane – no low energy effects
–Two + and – branes – TeV Kaluza-Klein 
modes of graviton
–Low energy effects on SM brane are 
given by Λπ; for kr ~ 10, Λπ ~ 1 TeV and 
the hierarchy problem is solved naturally
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Extra Dimensions: a Brief Summary
RS Model:
• Pro: A rigorous solution to the 

hierarchy problem via localization of 
gravity

• Gravitons (and possibly other 
particles) propagate in a single ED, 
with special metric

• Black holes at the LHC and in UHE 
cosmic rays 

• Con: Somewhat disfavored by 
precision EW fits

G

   P
lanck 

brane
φSM 

brane

ADD Paradigm:
• Pro: “Eliminates” the hierarchy 

problem by stating that physics 
ends at a TeV scale

• Only gravity lives in the “bulk” 
space

• Size of ED’s (n=2-7) between 
~100 µm and ~1 fm

• Black holes at the LHC and in the 
UHE cosmic rays

• Con: Doesn’t explain why ED are 
so large
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ED: Kaluza-Klein Spectrum
RS Model:
• “Particle in a box” with special AdS 

metric
• Energy eigenvalues are given by the 

zeroes of Bessel function J1

• Light modes might be accessible at 
colliders

• Coupling: GN for the zero mode; 1/Λπ
2 

for the others

~1 TeV
E

~MPl
E

…

M1

Mi

ADD Paradigm:
• Winding modes with energy spacing 

~1/r, i.e. 1 meV – 100 MeV
• Experimentally can’t resolve these 

modes – they appear as continuous 
spectrum

• Coupling: GN per mode; compensated 
by large number of modes

M0 = 0; Mi = M1
xi

x1
�

M1, 1.83M1, 2.66M1, 3.48M1, ...
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• Sub-millimeter gravity 
measurements could probe 
only  n=2 case only within 
the ADD model
– The best sensitivity so far 

have been achieved in the 
U of Washington torsion 
balance experiment – a 
high-tech “remake” of the 
1798 Cavendish 
experiment
• R < 37 µm

(MD > 2 TeV)
• Sensitivity vanishes quickly 

with the distance – can’t 
push limits further down 
significantly
– Started restricting ADD 

with 2 extra dimensions; 
can’t probe any higher 
number

• No sensitivity to the RS 
models

9

Large ED: Gravity at Short Distances

~
~

[D. Kapner et al., PRL 98 (2007) 0211001]

Figure 4: Laboratory bounds on deviations of the gravitational inverse-square law, taken from

D. J. Kapner et al [18].

gravitational force are usually parametrized by the modified potential,

V (r) = −GN
m1m2

r

(

1 + αe−r/λ
)

, (4.44)

where λ is the distance where the modification occurs and is given by the inverse mass of

the new light particle which mediates the new force, and α represents the strength of the

new force relative to the gravitational force. For the large extra dimension scenario, λ is

the inverse mass of the first KK graviton, λ = (m(1))−1 = R. and α is the number of the

first KK modes (e.g., α = 4 for 2 extra dimensions on a torus). The bounds from various

experiments are shown in Fig. 4. For 2 extra dimensions of the same size, the current bound

is R < 37µm [18]. Using the relation between the reduced Planck scales in 4 dimensions and

in 6 dimensions,

M
2
4 = (2πR)2M

4
6, (4.45)

14

MD = 1 TeV)
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Large ED: Astro & Cosmo Constraints
• Overclosure of the universe, 

matter dominance in the early 
universe, Fairbairn [Phys. Lett. 
B508, 335 (2001)]; Fairbairn, 
Griffiths [JHEP 0202, 024 (2002)]

– MD > 86 TeV (n=2)
– MD > 7.4 TeV (n=3)

• Neutron star γ-emission from 
radiative decays of the gravitons 
trapped during the supernova 
collapse, Hannestad and Raffelt 
[PRL 88, 071301 (2002)]:

– MD > 1700 TeV (n=2)
– MD > 60 TeV (n=3)

• Caveat: there are many known 
(and unknown!) uncertainties, so 
the cosmological bounds are 
reliable only as an order of 
magnitude estimate

• Still, n=2 is largely disfavored

• Supernova cooling due to graviton 
emission – an alternative cooling 
mechanism that would decrease the 
dominant one via neutrino emission

– Tightest limits on any additional 
cooling sources come from the 
measurement of the SN1987A 
neutrino flux by Kamiokande and 
IMB

– Application to the ADD scenario: 
Cullen and Perelstein [PRL 83, 268 
(1999)]; Hanhart, Phillips, Reddy, 
and Savage [Nucl. Phys. B595, 335 
(2001)]:

• MD > 25-30 TeV (n=2)    
• MD > 2-4 TeV (n=3)

• Distortion of the cosmic diffuse 
gamma radiation (CDG) spectrum 
due to the GKK → γγ decays: Hall 
and Smith [PRD 60, 085008 (1999)]:

– MD > 100 TeV (n=2)
– MD > 5 TeV (n=3)
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Collider Signatures for Large ED
Real Graviton Emission

Monojets at hadron colliders

GKK

gq

q GKK

gg

g

• Kaluza-Klein gravitons couple to 
the energy-momentum tensor, and 
therefore contribute to most of the 
SM processes

• For Feynman rules for GKK see:
– Han, Lykken, Zhang [PRD 59, 

105006 (1999)]
– Giudice, Rattazzi, Wells [NP 

B544, 3 (1999)]
• Graviton emission: direct 

sensitivity to the fundamental 
Planck scale MD

• Virtual effects: sensitive to the 
ultraviolet cutoff MS, expected to 
be ~MD (and likely < MD)

• The two processes are 
complementary
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Farewell to the Tevatron

12
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The Era of LHC

13

• Delivered 50 pb-1 in 2010
• Expect ~5 fb-1 in 2011 and ~20-30 fb-1 by the end of 2012

• Breaking news: 4 fb-1 have been delivered as of today!
• Possibly run at ~8.0 TeV next year
• Shut down for ~1.5 years either at the end of 2012 or at 

the beginning of 2013 and then go to ~14 TeV in 2015
90% data taking efficiency 95% data taking efficiency
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Tevatron Searches in Monojets and Monophotons
• CDF has published a 1/fb monojet search
• Both CDF and DØ completed 2/fb monophoton searches
• While easier than the monojet one, the sensitivity is 

typically not as good, especially for low number of ED
– CDF monophoton limits approach monojet ones at large n, but 

require twice the luminosity

14
Saturday, October 1, 11
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Search for Monojets at the LHC
• Both ATLAS and CMS published 2010 data search (36/pb)
• They also presented preliminary results with 2011 data (1.1/fb)
• Dominated by irreducible Z(νν)+jets background (determined from 

W(eν/µν)+jets)

15

CMS limits w/ 1.1 fb-1

@ 95% CL
n=2: MD > 3.7 TeV
n=6: MD > 2.3 TeV
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Figure 2: Missing transverse energy Emiss
T after all selection cuts for data, SM background, and

an example of ADD signal (MD=2 TeV/c2, d=2). The leading backgrounds are normalised using
a data-driven technique.
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Figure 3: Leading jet pT and Njet distribution for the W(µ+)+jets selection, with all cuts applied
except those on the variables plotted. The W(µ�)+jets sample look similar. The background is
normalised to the measured rate in data.

MET > 350 GeV
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Figure 6: Observed and expected lower limits on ADD versus theoretical cross sections and as
a function of MD. CLs limits with 1.1 fb�1 are shown for Emiss

T > 350 GeV, and for d = 2, 4, 6.

8 Conclusions

In summary, a search is performed for signatures from the ADD model in events collected
by the CMS experiment from pp collisions at

p
s = 7 TeV. A final state with an energetic

jet and a significant amount of missing transverse energy is analyzed, corresponding to an
integrated luminosity of 1.1 fb�1. The QCD multijet background is reduced by several orders
of magnitude to a negligible level using topological cuts. A measurement of the electroweak
background from Z(µµ)- and W(µn)-enriched data is used to derive a background estimate
for the Z(nn)+jets and W+jets remaining in the signal region. The data are found to be in
agreement with the expected contributions from SM processes. Limits at 95% CL on ADD
model parameters are derived, extending to MD > 3.7 TeV/c2 for d = 2 at LO, and constitute a
significant improvement of those set previously.

CMS PAS EXO-11-059
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ATLAS limits w/ 
1.0 fb-1 @ 95% CL
n=2: MD > 3.4 TeV
n=6: MD > 2.1 TeV
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Figure 7: Measured leading jet pT and EmissT distributions (black dots) in the veryHighPt region compared to
the predictions for SM backgrounds (histograms). Only statistical uncertainties are considered. For illustrative
purposes, the impact of two different ADD scenarios is included.

Figure 8: Event display for one of the monojet candidates in the data. The event has a jet with pT = 602 GeV at
η =−1 and φ = 2.6, EmissT = 523 GeV, and no additional jet with pT > 30 GeV in the final state.
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Search for Monophotons at CMS
• First analysis of a kind at the LHC
• Similar techniques to the monojet analysis
• Irreducible background from Z(νν)+jets

16

4

Figure 2: The distribution of photon pT (left) and ET/ (right) for the candidate sample, estimated
background processes, and an ADD prediction with MD = 1 TeV and n = 2.

estimated from the MC of ADD and a correction factor r is applied to account for the difference
between the efficiency in the data and MC:

A ⇥ e = A ⇥ eMC ⇥ r

The product of A⇥ eMC in the ADD cross section calculation is determined from the MC, based
on the Pythia leading order (LO) sample with a pT cut of 80 GeV/c. The obtained values for
A ⇥ eMC are summarized in Table 3, where the error indicates the statistical uncertainty on the
estimation due to the finite size of the MC sample.

A ⇥ eMC n=2 n=3 n=4 n=5 n=6
MD=1TeV 0.189 ± 0.002 0.192 ± 0.002 0.193 ± 0.002 0.191 ± 0.002 0.193 ± 0.002
MD=2TeV 0.193 ±0.002 0.191 ± 0.002 0.194 ± 0.002 0.194 ± 0.002 0.200 ± 0.002
MD=3TeV - 0.194 ± 0.002 0.194 ± 0.002 0.192 ± 0.002 0.196 ± 0.002

Table 3: The calculated A ⇥ eMC values from a set of MC samples of ADD events. The MC
samples are generated with Pythia8 and Tune4C with a cut of pT > 80 GeV. These values vary
with MD and n.

Sources considered for systematic uncertainties in the acceptance calculation are the parton dis-
tribution function (PDF) [7] [8] [9] [10], photon vertex assignment uncertainty, and the energy
scale and resolution of photons [3], jets [11] [12], and ET/ [13]. A summary of the systematic
uncertainties on A ⇥ eMC is presented in Table 4.

The difference in the efficiencies between data and MC are accounted for by the correction pa-
rameter r. The calculated value for r is 0.93 ± 0.10 with contributions from the trigger, photon
reconstruction (used the same procedure as for electrons in this paper [14]), consistent cluster
timing, and the vetoes. A summary of those contributions along with the systematic uncertain-
ties is shown in Table 5 1.

1Though we use MC to estimate the SM Znn̄g background contribution in this ADD study, we did measure the
Z(nn̄)g cross section from data using the same r correction. Our measurement was 0.342± 0.062(stat.)+0.057

�0.058(syst.)±

CMS limits w/ 1.14 fb-1

95% CL
n=2: MD > 1.0 TeV
n=6: MD > 1.2 TeV

7
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Figure 4: Limits on MD as a function of n compared to the LEP [19] and Tevatron [17], [18]
results for g + ET/ searches.

Photon pT Expected Oberved A ⇥ e A ⇥ e
threshold [GeV] limit (fb) limit (fb) Znn̄g ADD (MD=1 TeV,n=2)

95 21.3+8.0
�6.4 31.3 0.127 ± 0.016 0.175 ±0.021

110 16.3+6.6
�4.8 30.1 0.082 ± 0.011 0.137 ±0.016

130 12.5+6.0
�3.9 20.0 0.047 ± 0.006 0.102 ±0.012

160 9.1+3.8
�3.5 9.1 0.022 ± 0.003 0.065 ±0.008

200 4.7+3.2
�0.8 6.8 0.0094 ± 0.0014 0.039 ±0.005

Table 8: The expected and observed cross section limits times A ⇥ e as a function of the photon
transverse momentum.

CMS PAS EXO-11-058
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• Expect an interference with the SM 
fermion or boson pair production

• High-mass, low |cosθ∗| tail is a 
characteristic signature of ED 
Cheung, GL [PRD 62 076003 (2000)]

• Best limits on the effective Planck 
scale come from ~1 fb-1 DØ data:

– MS > 1.3-2.1 TeV (n=2-7) diphotons
– MS > 1.3-2.0 (n=2-7) dijets

17

Tevatron: Virtual Graviton Effects
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Virtual Graviton Effects at the LHC

Limits in the diphoton channel

• Clean signature, with a huge potential of a quick discovery in dimuon, 
dielectron, and diphoton channels

• CMS published γγ with 2010 data (36/pb), MS > 1.6-2.3 TeV
• ATLAS has preliminary 36/pb γγ result
• CMS preliminary 2011 γγ and µµ results with 1.1-1.2/fb

7

distribution as in the data and are scaled to account for the differences in photon reconstruction
efficiency between data and simulation.

6 Results
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Figure 3: Observed data (points with error bars) and background expectations (filled solid
histograms) as a function of the diphoton invariant mass. Photons are required to be isolated,
with ET > 70 GeV and |h| < 1.44. Shaded bands around the background estimation correspond
to systematic uncertainties. The last bin is an overflow, including the sum of all contributions
for Mgg > 1.2 TeV.

Figure 3 shows the invariant mass distribution of each of the backgrounds as well as a data
distribution. Table 1 presents the data and backgrounds in different reconstructed diphoton in-
variant mass ranges and corresponds directly to the plot in Fig. 3. The last column corresonds
to the signal region. In the control region, we find that the data is consistent with the back-
ground estimate within the systematic uncertainty. We do not see any evidence of an excess of
events, either resonant or non-resonant.

Table 1: Data measurements and background expectations for reconstructed diphoton invari-
ant mass ranges. Full systematic uncertainties have been included.

Process Diphoton Invariant Mass Range [TeV]
[0.14,0.2] [0.2,0.5] [0.5,0.8] [0.8, •)

Multijet 7 ± 3 9 ± 3 0.1 ± 0.1 0.003 ± 0.001
g + jet 53 ± 8 67 ± 10 1.5 ± 0.2 0.19 ± 0.04

Diphoton 185 ± 33 205 ± 37 7.6 ± 1.4 1.1 ± 0.2
Total Backgrounds 245 ± 35 283 ± 39 9.2 ± 1.4 1.3 ± 0.2

Observed 263 276 6 1

9

Table 2: Table of 95% CL lower limits on MS (in TeV), as a function of the number of EDs in the
HLZ convention for two different values of the ADD signal K factor. All limits are computed
with a signal cross section truncated to zero when

p
ŝ > MS.

K factor nED = 2 nED = 3 nED = 4 nED = 5 nED = 6 nED = 7
1.0 3.2 3.4 2.8 2.6 2.4 2.2
1.6 3.5 3.7 3.1 2.8 2.6 2.4

of EDs nED, as shown in Table 2. This is calculated trivially for nED = 2 and for nED > 2 by
using Eq. (6).
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Figure 5: Observed and expected limits on the Kaluza–Klein graviton (GKK) mass M1 for k̃ =
0.01 (top left), k̃ = 0.05 (top right), and k̃ = 0.10 (bottom). The theoretical cross section for the
GKK is given by the dashed blue line.
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Figure 6: The 95% CL lower limits on the RS1 graviton model in the M1–k̃ plane. Also shown
are bounds due to electroweak constraints [29] and naturalness (MD > 10 TeV) are shown. All
points in the plane above and to the left of the red line have been excluded by the measurement
presented in this paper. Perturbativity requirements bound k̃ . 0.10.

For the RS scenario, we perform a similar limit setting procedure, but in a bounded window
in Mgg, as described in Sec. 4. The results are given as a ratio of the excluded cross section to
the RS signal model cross section, including the mass dependent K factor. The corresponding
limit in terms of M1 is found when the two quantities are equal. For the values of k̃ and M1
that were not simulated, we have interpolated the theory cross section, signal yield, and signal
width. We then use the interpolated signal width to set the corresponding counting window
for the background yield.

5













Figure 1: Dimuon invariant mass spectrum compared with the SM prediction and a simulated
ADD signal with LT = 2.6 TeV. The integrated luminosity is 1.18 fb�1. The error bars reflect
the statistical uncertainty.

Figure 2: Integrated data above a threshold Mµµ (left bin border) compared with the corre-
sponding integrated SM prediction for 1.18 fb�1. The error bars reflect the statistical uncer-
tainty.

7

Figure 3: Observed 95% upper limits on Ms for different numbers of extra dimensions n with
(Left) and without (Right) ADD k-factor.

Table 3: Observed 95% upper limits in TeV with respect to GRW and HLZ conventions for full
model validity in

p
ŝ and truncation at Mµµ = Ms (HLZ) or Mµµ = LT (GRW).
LT [TeV] (GRW) Ms [TeV] (HLZ)

n = 2 n = 3 n = 4 n = 5 n = 6 n = 7
ADD k-factor: 1.0

Full 2.62 2.58 3.12 2.62 2.36 2.20 2.08
Truncated 2.56 2.58 3.10 2.56 2.27 2.09 1.95

ADD k-factor: 1.3
Full 2.70 2.72 3.22 2.70 2.44 2.28 2.16

Truncated 2.66 2.72 3.20 2.66 2.37 2.17 2.02

The observed 95% C.L limits on ADD models are found to significantly improve the previous
limits evaluated with 2010 data [5] and provide the best limits based on dilepton events to date.
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• Need only two parameters to 
define the model: k and r

• Equivalent set of parameters: 
–The mass of the first KK mode, M1  
–Dimensionless coupling           , 

which determines the graviton width

19

Randall-Sundrum Model Observables

Drell-Yan at the LHC

M1

Davoudiasl, Hewett, Rizzo [PRD 63, 075004 (2001)]

• To avoid fine-tuning and non-
perturbative regime, coupling 
can’t be too large or too small

• 0.01 ≤          ≤ 0.10 is the 
expected range

• Gravitons are narrow
• Similar observables for ZKK/gKK in 

TeV-1 models

€ 

k/M  Pl

k/MPl

k/MPl
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• Latest limits are just ~10% 
higher than the original ones 
despite 5x statistics
– Tevatron sensitivity has really 

maxed out - need higher energies!
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FIG. 3: (a) The 95% C.L. upper limit on the lightest RS-
graviton production cross section from the dielectron analysis,
as a function of the graviton’s mass. Theoretical curves are
shown for five values of the coupling k/MPl from 0.01 to
0.1. The intersections give the RS-graviton lower mass limits
for these five hypotheses. (b) The respective cross section
and mass limits for the combination of the dielectron and
diphoton analyses. The inclusion of the dielectron analysis
improves the k/MPl = 0.1 limit by ∼95 GeV/c2.

limit on RS-graviton production. Here we parametrize
the RS model using the mass of the lightest RS gravi-
ton (m1) and the dimensionless parameter

√
8πk/MPl ≡

k/MPl, where k is the curvature scale of the extra di-
mension and MPl is the Planck mass. RS-graviton sig-
nal MC is generated using pythia and values of m1

from 200 to 1100 GeV/c2. The signal-MC events are
normalized in the same manner as the background-MC
events. The leading-order pythia cross section is mul-
tiplied by a scale (“K-factor”) to correct for next-to-
leading-order effects. The CDF acceptance for the di-
electron RS-graviton signal, determined using MC, is
∼27%. The acceptance is approximately independent
of the RS-graviton mass due to the inclusion of forward
electrons, as lower-mass gravitons (m1 < 700 GeV/c2)
would decay to at least one forward lepton more often
than higher-mass gravitons. The RS-graviton decays to
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FIG. 4: The area excluded in the k/MPl vs. m1 RS-model pa-
rameter space by the 5.7 fb−1 dielectron analysis (area above
long-dashed line), the 5.4 fb−1 diphoton analysis (area above
short-dashed line), and their combination (area above solid
line).

two jets (branching ratio BR=70%), two charged lep-
tons (BR=6%), two neutrinos (BR=6%), two photons
(BR=4%) and two weak bosons (BR=14%). For gravi-
ton masses above 200 GeV/c2, these branching ratios are
not graviton-mass-dependent. Given the considerable di-
jet background in a hadron-collider environment, and the
low leptonic branching fraction of the weak bosons, the
prompt dilepton and diphoton final states offer the great-
est sensitivity. The inclusion of dielectrons in the dipho-
ton RS search [2] results in a 50% increase in the rate of
potentially produced signal. Here we present the cross
section and mass limits for the dielectron channel alone
and for the combined dielectron+diphoton channel.

Figure 3(a) shows the 95% confidence level (C.L.)
cross-section (σ × BR(G → ee)) upper limit as a func-
tion of the lightest RS-graviton mass m1 along with five
theoretical cross-section curves for k/MPl = 0.01 to 0.1,
a theoretically interesting range that would provide a so-
lution for the fine-tuning problem. The limits are set us-
ing a frequentist method that compares the background-
only with the signal+background hypotheses, taking into
account correlated background systematic uncertainties
[2, 18]. The intersection of the cross-section exclusion
limit with the theoretical cross-section curves gives the
95% C.L. lower limit on m1 for the respective coupling.
For k/MPl = 0.1, the dielectron-only m1 lower limit
is 914 GeV/c2, if we use proper mass-dependent RS-
graviton K-factors [19, 20], and 935 GeV/c2 assuming
a fixed K-factor of 1.54 [7], for comparison with previous
results [1, 7]. For m1 > 700 GeV/c2, the dielectron-
only analysis excludes cross sections greater than 2 fb
at the 95% C.L. Above 700 GeV/c2 the expected back-
ground number of events are consistent with zero, leading
to a graviton-mass-independent expected limit in the in-
vestigated range of graviton masses. Figure 3(b) shows

ee+γγ, 5.4-5.7 fb-1
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• Latest limits are just ~10% 
higher than the original ones 
despite 5x statistics
– Tevatron sensitivity has really 

maxed out - need higher energies!
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FIG. 3: (a) The 95% C.L. upper limit on the lightest RS-
graviton production cross section from the dielectron analysis,
as a function of the graviton’s mass. Theoretical curves are
shown for five values of the coupling k/MPl from 0.01 to
0.1. The intersections give the RS-graviton lower mass limits
for these five hypotheses. (b) The respective cross section
and mass limits for the combination of the dielectron and
diphoton analyses. The inclusion of the dielectron analysis
improves the k/MPl = 0.1 limit by ∼95 GeV/c2.

limit on RS-graviton production. Here we parametrize
the RS model using the mass of the lightest RS gravi-
ton (m1) and the dimensionless parameter

√
8πk/MPl ≡

k/MPl, where k is the curvature scale of the extra di-
mension and MPl is the Planck mass. RS-graviton sig-
nal MC is generated using pythia and values of m1

from 200 to 1100 GeV/c2. The signal-MC events are
normalized in the same manner as the background-MC
events. The leading-order pythia cross section is mul-
tiplied by a scale (“K-factor”) to correct for next-to-
leading-order effects. The CDF acceptance for the di-
electron RS-graviton signal, determined using MC, is
∼27%. The acceptance is approximately independent
of the RS-graviton mass due to the inclusion of forward
electrons, as lower-mass gravitons (m1 < 700 GeV/c2)
would decay to at least one forward lepton more often
than higher-mass gravitons. The RS-graviton decays to

)2Graviton Mass (GeV/c
400 500 600 700 800 900 1000 1100

Pl
M

k/

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09

0.1

)2Graviton Mass (GeV/c
400 500 600 700 800 900 1000 1100

Pl
M

k/

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09

0.1

ee analysis

 analysisγγ

 analysisγγee+

RS-model 95% CL exclusion

FIG. 4: The area excluded in the k/MPl vs. m1 RS-model pa-
rameter space by the 5.7 fb−1 dielectron analysis (area above
long-dashed line), the 5.4 fb−1 diphoton analysis (area above
short-dashed line), and their combination (area above solid
line).

two jets (branching ratio BR=70%), two charged lep-
tons (BR=6%), two neutrinos (BR=6%), two photons
(BR=4%) and two weak bosons (BR=14%). For gravi-
ton masses above 200 GeV/c2, these branching ratios are
not graviton-mass-dependent. Given the considerable di-
jet background in a hadron-collider environment, and the
low leptonic branching fraction of the weak bosons, the
prompt dilepton and diphoton final states offer the great-
est sensitivity. The inclusion of dielectrons in the dipho-
ton RS search [2] results in a 50% increase in the rate of
potentially produced signal. Here we present the cross
section and mass limits for the dielectron channel alone
and for the combined dielectron+diphoton channel.

Figure 3(a) shows the 95% confidence level (C.L.)
cross-section (σ × BR(G → ee)) upper limit as a func-
tion of the lightest RS-graviton mass m1 along with five
theoretical cross-section curves for k/MPl = 0.01 to 0.1,
a theoretically interesting range that would provide a so-
lution for the fine-tuning problem. The limits are set us-
ing a frequentist method that compares the background-
only with the signal+background hypotheses, taking into
account correlated background systematic uncertainties
[2, 18]. The intersection of the cross-section exclusion
limit with the theoretical cross-section curves gives the
95% C.L. lower limit on m1 for the respective coupling.
For k/MPl = 0.1, the dielectron-only m1 lower limit
is 914 GeV/c2, if we use proper mass-dependent RS-
graviton K-factors [19, 20], and 935 GeV/c2 assuming
a fixed K-factor of 1.54 [7], for comparison with previous
results [1, 7]. For m1 > 700 GeV/c2, the dielectron-
only analysis excludes cross sections greater than 2 fb
at the 95% C.L. Above 700 GeV/c2 the expected back-
ground number of events are consistent with zero, leading
to a graviton-mass-independent expected limit in the in-
vestigated range of graviton masses. Figure 3(b) shows

ee+γγ, 5.4-5.7 fb-1
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RS Gravitons at the LHC
• Same analyses can be reinterpreted as search for resonances 

decaying into pair of photons or letons (e.g., GKK)
• Significantly exceeds the Tevatron limits with ~1/fb
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Table 2: Table of 95% CL lower limits on MS (in TeV), as a function of the number of EDs in the
HLZ convention for two different values of the ADD signal K factor. All limits are computed
with a signal cross section truncated to zero when

p
ŝ > MS.

K factor nED = 2 nED = 3 nED = 4 nED = 5 nED = 6 nED = 7
1.0 3.2 3.4 2.8 2.6 2.4 2.2
1.6 3.5 3.7 3.1 2.8 2.6 2.4

of EDs nED, as shown in Table 2. This is calculated trivially for nED = 2 and for nED > 2 by
using Eq. (6).
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Figure 5: Observed and expected limits on the Kaluza–Klein graviton (GKK) mass M1 for k̃ =
0.01 (top left), k̃ = 0.05 (top right), and k̃ = 0.10 (bottom). The theoretical cross section for the
GKK is given by the dashed blue line.
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Figure 6: The 95% CL lower limits on the RS1 graviton model in the M1–k̃ plane. Also shown
are bounds due to electroweak constraints [29] and naturalness (MD > 10 TeV) are shown. All
points in the plane above and to the left of the red line have been excluded by the measurement
presented in this paper. Perturbativity requirements bound k̃ . 0.10.

For the RS scenario, we perform a similar limit setting procedure, but in a bounded window
in Mgg, as described in Sec. 4. The results are given as a ratio of the excluded cross section to
the RS signal model cross section, including the mass dependent K factor. The corresponding
limit in terms of M1 is found when the two quantities are equal. For the values of k̃ and M1
that were not simulated, we have interpolated the theory cross section, signal yield, and signal
width. We then use the interpolated signal width to set the corresponding counting window
for the background yield.

10 8 Conclusions

Table 3: Table of 95% CL lower limits on M1 for given values of the coupling parameter, k̃.

k̃ 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11
M1 [TeV] 0.77 1.05 1.20 1.31 1.41 1.49 1.57 1.63 1.69 1.74 1.78

Table 4: Expected signal and background yields given model parameters k̃ and M1 in prede-
fined bounded mass ranges in Mgg. Shown additionally are the observed number of events and
observed and expected 95% CL upper limit on the production cross section times acceptance
times branching fraction in the given mass range.

k̃ M1 [GeV] Mass Window [GeV] Signal Efficiency Expected Background Observed
0.01 500 470–530 0.29 4.3 4
0.01 750 707–793 0.34 1.1 0
0.01 1000 945–1055 0.38 0.2 0
0.01 1250 1182–1318 0.43 0.1 0
0.01 1500 1420–1580 0.47 0.03 0
0.01 1750 1657–1843 0.51 0.01 0
0.01 2000 1895–2105 0.53 0.007 0
0.05 500 464–536 0.28 5.4 5
0.05 750 698–802 0.34 1.3 0
0.05 1000 933–1067 0.38 0.3 0
0.05 1250 1167–1333 0.43 0.2 0
0.05 1500 1402–1598 0.47 0.03 0
0.05 1750 1636–1864 0.51 0.01 0
0.05 2000 1871–2129 0.53 0.007 0

0.010 500 444–556 0.28 9.9 7
0.010 750 669–831 0.33 1.9 1
0.010 1000 894–1106 0.38 0.4 0
0.010 1250 1118–1382 0.42 0.3 0
0.010 1500 1343–1657 0.46 0.05 0
0.010 1750 1568–1932 0.50 0.02 0
0.010 2000 1793–2207 0.52 0.01 0

Figure 6 shows the excluded regions of the M1–k̃ plane. Bounds due to precision electroweak
measurements [29] as well as due to naturalness arguments (when the fundamental Planck
scale exceeds 10 TeV) are shown. Table 3 presents the 95% CL lower limits on the graviton mass
M1 for different values of k̃. Table 4 summarizes the expected background, signal efficiency, and
observed number of events for different mass windows, corresponding to particular choices of
RS model parameters. Figure 5 shows the observed and expected limits as a function of the
graviton mass for k̃ =0.01, 0.05, and 0.10, respectively. All mass points for which the solid
black line lies below the blue theory line are excluded.

8 Conclusions
We have performed a search for large extra spatial dimensions leading to enhanced diphoton
production in proton-proton collisions at a center of mass energy 7 TeV at the LHC. Using
1.1 fb�1 of integrated luminosity recorded by the CMS experiment, we observe no excess in
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M > 1450-1780 GeV
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Figure 4: Reconstructed mγγ distribution for data (points) and expected background (red line). Also

shown are graviton signals of masses 550, 700 and 1000 GeV and couplings k/MPl= 0.03, 0.05 and 0.11,

respectively. The signal is normalized to the number of expected events in an integrated luminosity of

36 pb−1.

Figure 5: An event display of the highest invariant mass diphoton event in which both candidate photons

satisfy the more stringent photon identification cuts. The highest transverse momentum photon has

pT = 194 GeV and (η, φ) = (-1.32,-0.44). The trailing photon has pT = 173 GeV and (η, φ) = (1.10,2.82).

The diphoton invariant mass is equal to 679 GeV.
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Table 2: Table of 95% CL lower limits on MS (in TeV), as a function of the number of EDs in the
HLZ convention for two different values of the ADD signal K factor. All limits are computed
with a signal cross section truncated to zero when

p
ŝ > MS.

K factor nED = 2 nED = 3 nED = 4 nED = 5 nED = 6 nED = 7
1.0 3.2 3.4 2.8 2.6 2.4 2.2
1.6 3.5 3.7 3.1 2.8 2.6 2.4

of EDs nED, as shown in Table 2. This is calculated trivially for nED = 2 and for nED > 2 by
using Eq. (6).
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Figure 5: Observed and expected limits on the Kaluza–Klein graviton (GKK) mass M1 for k̃ =
0.01 (top left), k̃ = 0.05 (top right), and k̃ = 0.10 (bottom). The theoretical cross section for the
GKK is given by the dashed blue line.
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Figure 6: The 95% CL lower limits on the RS1 graviton model in the M1–k̃ plane. Also shown
are bounds due to electroweak constraints [29] and naturalness (MD > 10 TeV) are shown. All
points in the plane above and to the left of the red line have been excluded by the measurement
presented in this paper. Perturbativity requirements bound k̃ . 0.10.

For the RS scenario, we perform a similar limit setting procedure, but in a bounded window
in Mgg, as described in Sec. 4. The results are given as a ratio of the excluded cross section to
the RS signal model cross section, including the mass dependent K factor. The corresponding
limit in terms of M1 is found when the two quantities are equal. For the values of k̃ and M1
that were not simulated, we have interpolated the theory cross section, signal yield, and signal
width. We then use the interpolated signal width to set the corresponding counting window
for the background yield.
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Table 3: Table of 95% CL lower limits on M1 for given values of the coupling parameter, k̃.
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Table 4: Expected signal and background yields given model parameters k̃ and M1 in prede-
fined bounded mass ranges in Mgg. Shown additionally are the observed number of events and
observed and expected 95% CL upper limit on the production cross section times acceptance
times branching fraction in the given mass range.
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0.01 500 470–530 0.29 4.3 4
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Figure 6 shows the excluded regions of the M1–k̃ plane. Bounds due to precision electroweak
measurements [29] as well as due to naturalness arguments (when the fundamental Planck
scale exceeds 10 TeV) are shown. Table 3 presents the 95% CL lower limits on the graviton mass
M1 for different values of k̃. Table 4 summarizes the expected background, signal efficiency, and
observed number of events for different mass windows, corresponding to particular choices of
RS model parameters. Figure 5 shows the observed and expected limits as a function of the
graviton mass for k̃ =0.01, 0.05, and 0.10, respectively. All mass points for which the solid
black line lies below the blue theory line are excluded.

8 Conclusions
We have performed a search for large extra spatial dimensions leading to enhanced diphoton
production in proton-proton collisions at a center of mass energy 7 TeV at the LHC. Using
1.1 fb�1 of integrated luminosity recorded by the CMS experiment, we observe no excess in
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Figure 4: Reconstructed mγγ distribution for data (points) and expected background (red line). Also

shown are graviton signals of masses 550, 700 and 1000 GeV and couplings k/MPl= 0.03, 0.05 and 0.11,

respectively. The signal is normalized to the number of expected events in an integrated luminosity of

36 pb−1.

Figure 5: An event display of the highest invariant mass diphoton event in which both candidate photons

satisfy the more stringent photon identification cuts. The highest transverse momentum photon has

pT = 194 GeV and (η, φ) = (-1.32,-0.44). The trailing photon has pT = 173 GeV and (η, φ) = (1.10,2.82).

The diphoton invariant mass is equal to 679 GeV.
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String Resonances at the LHC
• Highly-degenerate excitations of quarks & gluons, decaying into 

qq, gg, qg
• Look for “bumps” on top of steeply falling QCD spectrum
• Similar limits apply to quantum BH’s, decaying into pair of initial 

partons
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Figure 1: The number of events observed versus dijet mass for wide jets (solid circles), particle
flow AK7 jets (open boxes), and calorimeter AK7 jets (X symbols).
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Figure 2: Dijet mass spectrum from wide jets (points) compared to a smooth fit (solid) and to
predictions [18] including detector simulation of QCD (short-dashed), excited quark signals
(dot-dashed), and string resonance signals (long-dashed). The QCD prediction has been nor-
malized to the data (see text). The error bars are statistical only. The shaded band shows the
systematic uncertainty in the jet energy scale (JES). The bin-by-bin significance of the data-fit
difference (see text) is shown at bottom.

7

conducted on random samples of events generated from our smooth background parameter-
ization. The use of wide jets instead of AK7 jets improves the expected upper limits on the
resonance cross section by roughly 20% for gg, 10% for qg, and 5% for qq resonances.
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Figure 5: The 95% CL upper limits on s ⇥ B ⇥ A for dijet resonances of type gluon-gluon (open
circles), quark-gluon (solid circles), and quark-quark (open boxes), compared to theoretical pre-
dictions for string resonances [3], E6 diquarks [5], excited quarks [6], axigluons [8], colorons [9],
new gauge bosons W0 and Z0 [10], and Randall-Sundrum gravitons [11].

Table 2: For each model we list the observed and expected upper values of the excluded mass
range at 95% CL. The lower value of the excluded mass range from this search is 1 TeV.

Model Excluded Mass (TeV)
Observed Expected

String Resonances 4.00 3.90
E6 Diquarks 3.52 3.28

Excited Quarks 2.49 2.68
Axigluons/Colorons 2.47 2.66

W’ Bosons 1.51 1.40

In Fig. 5 we compare the observed upper limits to the model predictions as a function of reso-
nance mass. The predictions are from lowest-order calculations [24] of the product s ⇥ B ⇥ A
using CTEQ6L1 parton distributions [19]. New particles are excluded at the 95% CL in mass re-
gions for which the theory curve lies above our upper limit for the appropriate pair of partons.
We also determine the expected lower limit on the mass of each new particle by comparing the
expected cross section limits to the model predictions. An example of the expected limits is
shown in Fig. 6 where for qg resonances we compare the expected limits and their uncertainty
bands to both observed limits and model predictions. Our search starts at a resonance mass

MS > 4.0 TeV

PLB 704 (2011) 123
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But: Life May be More Complicated!
• Simple RS model has many 

potential problems: FCNC, CP-
violation

–Those can be solved by 
putting fermions in the bulk

• Top quark is localized near the 
SM brane; light fermions are 
near the Planck brane

• Graviton mainly couples to the 
top quark, and thus the 
dominant decay mode is a pair 
of top quarks

• For graviton masses ~2-3 TeV, 
top quarks emerge highly 
boosted, which makes it 
challenging to reconstruct them

• Several challenges:
–for 3-jet top decays jets are 

often merged in a single “fat” 
jet

–b-tagging efficiency drops 
dramatically, as the opening 
angle between the tracks 
becomes small.
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Searches for tt Resonances in l+jets
• Can also look for tt → l+jets; sensitive at the intermediate 

masses

24

10 7 Statistical Analysis

The likelihood function is given by

L(bk) =
Nbins

’
i=1

µni
i · e�µi

ni!
(3)

and is the product of Poisson probabilities of observing ni data events in bin i with a prediction
µi according to Eq. (2). The bin index i runs over all bins of the HT,lep and Mtt distributions
as shown in Fig. 6 and 7. While Mtt is sensitive to Z0 signal, the simultaneous use of HT,lep
constraints the backgrounds.

The posterior is proportional to the likelihood function times the prior distributions for the
model parameters. To minimize the dependence on the simulation, we use flat priors for bQCD
and bV+jets for b � 0 and zero otherwise. We also use a flat prior for the signal cross section
bZ0 . For btop, we use a lognormal prior with a width corresponding to the uncertainty on the
total cross section of 15%.
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Figure 6: Shape comparison for the templates used in the statistical analysis for the background
processes and Z0 for MZ0 = 2 TeV/c2: (a) HT,lep before the HT,lep cut and (b) Mtt for HT,lep >
150 GeV.

Systematic uncertainties are taken into account by interpolation between the nominal and
shifted templates. For each source of uncertainty, an additional nuisance parameter du, with
a Gaussian prior, is introduced in the statistical model. The Poisson mean µi in Eq. (2) gains a
dependence on du.

The Bayesian 95% confidence level upper limit is the value b̂Z0 for which

Z b̂Z0

0
dbZ0

Z
d(bk, du)p(bZ0 , bk, du) = 0.95. (4)

This integral is evaluated with a Markov-Chain Monte-Carlo method.

To visualize the result, we determine the values of the parameters bk and du at the maximum of
the posterior and use these parameter values to scale the templates in Fig. 7. The fitted values
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Figure 8: Expected and observed Bayesian 95% confidence level upper limits on s(pp ! Z0 !
tt) for narrow resonances Z0, as a function of the invariant mass of the resonance. The Top-
color Z0 cross section is from [40], updated to

p
s =7 TeV via private communication with the

authors.

Table 3: Expected and observed Bayesian 95% confidence level upper limits on the production
cross section s(pp ! Z0 ! tt) for narrow resonances Z0 with selected masses.

Process Expected limit ±1s band [pb] Observed limit [pb]
Z0, M = 1 TeV/c2 2.7+1.5

�0.9 2.7
Z0, M = 1.5 TeV/c2 0.64+0.34

�0.21 0.70
Z0, M = 2 TeV/c2 0.23+0.12

�0.07 0.22
Z0, M = 3 TeV/c2 0.10+0.04

�0.03 0.11
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Figure 3: Data - Monte Carlo comparison for the HT +EmissT distribution together with a KK-gluon signal
with a mass of 700 GeV for illustration. The statistical and systematic uncertainty on the Monte Carlo
is represented by the hashed band.

To estimate the a priori sensitivity for this search Monte Carlo pseudo-experiments are generated
using only Standard Model processes in proportion to their expected rate. The pseudo-experiments are
randomly drawn from Monte Carlo samples of all relevant backgrounds. The nuisance parameters are
allowed to randomly vary within their prior distributions for each pseudo-experiment. It was ensured
that the sampling of the priors was not truncated in the analysis. The median of the distribution is chosen
to represent the expected limit. The ensemble of limits is also used to find the 68% and 95% envelope of
limits as a function of resonance mass.

Figure 4 shows the 95% C.L. exclusion limit on the cross section times branching ratio. The signal
cross section for the KK-gluon production with subsequent decay to t  t pairs is available in a recent
version of P [31] with input from [32] which has been used for this analysis. The coupling of light
quarks to the KK-gluon is varied by scaling the strong coupling parameter gqqgKK/gs in a range from
0.2 to 0.35, where 0.2 corresponds to the default coupling in the Randall-Sundrum model, and the other
couplings are within a reasonable range constrained by the uncertainty in the light quark masses2. Four
cross section curves are calculated for four different couplings, each using the MRST 2007 LO∗ PDF
[33]. Table 3 lists the expected and observed mass limits obtained for each model point.

8 Conclusions

The ATLAS detector has been used to search for high-mass resonances in the dilepton t  t final state. The
HT + EmissT observable is well described by the Standard Model backgrounds. We find no significant
excess at high HT + EmissT in the data, and set limits on the cross section times branching ratio for

2The sign of gqqgKK /gs is negative, which is important if interference terms are taken into consideration.
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Figure 4: Expected and observed limits on cross section times branching ratio at 95% C.L. and expected
cross section for a Randall-Sundrum KK-gluon gKK . Cross sections were calculated using the MRST
2007 LO∗ PDF.

Table 3: Expected and observed lower limits on the KK-gluon mass in the Randall-Sundrum model
Mass Limit (TeV)

gqqgKK /gs Expected Observed
-0.20 0.80 0.84
-0.25 0.88 0.88
-0.30 0.95 0.92
-0.35 1.02 0.96

KK-gluon production as well as upper limits at 95% C.L. on the mass of the KK-gluon in the Randall-
Sundrum model of 0.84 TeV.

For resonance masses above approximately 1 TeV, the top quark decay products start to become
strongly collimated. A search taking into account such final state topologies as well as reconstruction of
the resonance mass is the subject of a forthcoming analysis.
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Figure 5: Top tagging mistag rate derived from dijet data (red circles) versus trijet data (blue
squares), following the ‘anti-tag and probe’ procedure, as explained in the text. The rate de-
rived from dijet data is applied to the “Type 1 + 1” analysis, whereas the rate derived from
trijet data is applied to the “Type 1 + 2” analysis. There is a small (< 5%) contribution from
continuum tt̄ production that is removed, using the expectation from Monte Carlo.

However, because the quark/gluon fractions can be different (a priori) for dijet events (as in the
“1+1” analysis) and trijet events (as in the “1+2” analysis), the mistag rate must be separately
derived for the “1+2” analysis.

The mistag rate for trijet events is determined from data by the following procedure:

1. We select trijet events with the leading three jets passing the thresholds 350, 200, and 30
GeV/c respectively. No requirements are made on the jet masses for the “Type 1 Top
Candidate” nor the W candidate, and no requirements are made on the invariant mass of
the “Type 2 Top Candidate”.

2. The “Type 1” top candidate is then used as a “probe jet”.

3. As in the “1+1” case, the top tagging rate of the probe jet is taken as the mistag rate for
the algorithm. Because no selection criteria are made on the masses of the “Type 2 Top
Candidate”, nor the “W candidate”, this is still dominated by QCD in the right kinematic
regime, and is therefore an appropriate control region from which to derive the mistag
rate.

4. The small contribution from continuum tt̄ is removed based on the Monte Carlo expec-
tation.

The mistag rate as a function of jet pT for trijet events is shown in the blue squares in Fig. 5.
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Figure 1: Expected efficiency of the top (left) and W (right) tagging algorithms as derived from
Ref. [27].

the algorithm attempts to split the subjets found by the primary decomposition. In the process,
soft and wide-angle particles (relative to the parent in the clustering) are ignored. At least three
subjets are required. The following variables, defined for each jet passing the algorithm, are
used to tag top jets:

• Jet Mass mjet - The mass of the four-vector sum of the constituents of the hard jet.
• Number of Subjets Nsubjets - The number of subjets found by the algorithm.
• Minimum Pairwise Mass mmin - The three highest pT subjets are taken pairwise, and

each pair’s invariant mass is calculated via mij =
q
(Ei + Ej)2 � (~pi + ~pj)2. mmin is

the mass of the pair with the lowest invariant mass (mmin = min[m12, m13, m23]). This
variable is not defined for jets with less than three subjets.

Jets that have mass close to the top mass, at least three subjets, and minimum pairwise mass
close to the W mass are tagged as top jets. Specifically:

140 < mjet < 250 GeV/c2 (2)
Nsubjets � 3 (3)

mmin > 50 GeV/c2 (4)

4.3.2 W tagging algorithm

The jet pruning algorithm also uses the Cambridge-Aachen R = 0.8 jets as inputs, described
in Section 4.2. In contrast to the top tagging algorithm, the jet pruning algorithm reclusters the
jet starting from the constituents, but again removes soft and wide-angle clusters. The same
parameters are chosen for the jet pruning algorithm as in the original theoretical papers [29, 30].
The following selection is also applied, which exploits the variables used in Ref. [44]:

• Number of Subjets Nsubjets - Require two subjets in the pruning algorithm.

• Pruned Jet Mass mjet - Require the total pruned jet mass to satisfy 60 GeV/c2 < mjet <
100 GeV/c2.

• Mass Drop - The subjet mass is used to sort the two subjets. By looking at the last
clustering iteration of the pruned jet, the mass drop of the hardest subjet (hereby re-
ferred to as 1), and is required to satisfy m1

mjet
= µ < 0.4. The mass drop requirement
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Figure 5: Top tagging mistag rate derived from dijet data (red circles) versus trijet data (blue
squares), following the ‘anti-tag and probe’ procedure, as explained in the text. The rate de-
rived from dijet data is applied to the “Type 1 + 1” analysis, whereas the rate derived from
trijet data is applied to the “Type 1 + 2” analysis. There is a small (< 5%) contribution from
continuum tt̄ production that is removed, using the expectation from Monte Carlo.

However, because the quark/gluon fractions can be different (a priori) for dijet events (as in the
“1+1” analysis) and trijet events (as in the “1+2” analysis), the mistag rate must be separately
derived for the “1+2” analysis.

The mistag rate for trijet events is determined from data by the following procedure:

1. We select trijet events with the leading three jets passing the thresholds 350, 200, and 30
GeV/c respectively. No requirements are made on the jet masses for the “Type 1 Top
Candidate” nor the W candidate, and no requirements are made on the invariant mass of
the “Type 2 Top Candidate”.

2. The “Type 1” top candidate is then used as a “probe jet”.

3. As in the “1+1” case, the top tagging rate of the probe jet is taken as the mistag rate for
the algorithm. Because no selection criteria are made on the masses of the “Type 2 Top
Candidate”, nor the “W candidate”, this is still dominated by QCD in the right kinematic
regime, and is therefore an appropriate control region from which to derive the mistag
rate.

4. The small contribution from continuum tt̄ is removed based on the Monte Carlo expec-
tation.

The mistag rate as a function of jet pT for trijet events is shown in the blue squares in Fig. 5.
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Figure 1: Expected efficiency of the top (left) and W (right) tagging algorithms as derived from
Ref. [27].

the algorithm attempts to split the subjets found by the primary decomposition. In the process,
soft and wide-angle particles (relative to the parent in the clustering) are ignored. At least three
subjets are required. The following variables, defined for each jet passing the algorithm, are
used to tag top jets:

• Jet Mass mjet - The mass of the four-vector sum of the constituents of the hard jet.
• Number of Subjets Nsubjets - The number of subjets found by the algorithm.
• Minimum Pairwise Mass mmin - The three highest pT subjets are taken pairwise, and

each pair’s invariant mass is calculated via mij =
q
(Ei + Ej)2 � (~pi + ~pj)2. mmin is

the mass of the pair with the lowest invariant mass (mmin = min[m12, m13, m23]). This
variable is not defined for jets with less than three subjets.

Jets that have mass close to the top mass, at least three subjets, and minimum pairwise mass
close to the W mass are tagged as top jets. Specifically:

140 < mjet < 250 GeV/c2 (2)
Nsubjets � 3 (3)

mmin > 50 GeV/c2 (4)

4.3.2 W tagging algorithm

The jet pruning algorithm also uses the Cambridge-Aachen R = 0.8 jets as inputs, described
in Section 4.2. In contrast to the top tagging algorithm, the jet pruning algorithm reclusters the
jet starting from the constituents, but again removes soft and wide-angle clusters. The same
parameters are chosen for the jet pruning algorithm as in the original theoretical papers [29, 30].
The following selection is also applied, which exploits the variables used in Ref. [44]:

• Number of Subjets Nsubjets - Require two subjets in the pruning algorithm.

• Pruned Jet Mass mjet - Require the total pruned jet mass to satisfy 60 GeV/c2 < mjet <
100 GeV/c2.

• Mass Drop - The subjet mass is used to sort the two subjets. By looking at the last
clustering iteration of the pruned jet, the mass drop of the hardest subjet (hereby re-
ferred to as 1), and is required to satisfy m1

mjet
= µ < 0.4. The mass drop requirement
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Figure 5: Top tagging mistag rate derived from dijet data (red circles) versus trijet data (blue
squares), following the ‘anti-tag and probe’ procedure, as explained in the text. The rate de-
rived from dijet data is applied to the “Type 1 + 1” analysis, whereas the rate derived from
trijet data is applied to the “Type 1 + 2” analysis. There is a small (< 5%) contribution from
continuum tt̄ production that is removed, using the expectation from Monte Carlo.

However, because the quark/gluon fractions can be different (a priori) for dijet events (as in the
“1+1” analysis) and trijet events (as in the “1+2” analysis), the mistag rate must be separately
derived for the “1+2” analysis.

The mistag rate for trijet events is determined from data by the following procedure:

1. We select trijet events with the leading three jets passing the thresholds 350, 200, and 30
GeV/c respectively. No requirements are made on the jet masses for the “Type 1 Top
Candidate” nor the W candidate, and no requirements are made on the invariant mass of
the “Type 2 Top Candidate”.

2. The “Type 1” top candidate is then used as a “probe jet”.

3. As in the “1+1” case, the top tagging rate of the probe jet is taken as the mistag rate for
the algorithm. Because no selection criteria are made on the masses of the “Type 2 Top
Candidate”, nor the “W candidate”, this is still dominated by QCD in the right kinematic
regime, and is therefore an appropriate control region from which to derive the mistag
rate.

4. The small contribution from continuum tt̄ is removed based on the Monte Carlo expec-
tation.

The mistag rate as a function of jet pT for trijet events is shown in the blue squares in Fig. 5.
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Figure 1: Expected efficiency of the top (left) and W (right) tagging algorithms as derived from
Ref. [27].

the algorithm attempts to split the subjets found by the primary decomposition. In the process,
soft and wide-angle particles (relative to the parent in the clustering) are ignored. At least three
subjets are required. The following variables, defined for each jet passing the algorithm, are
used to tag top jets:

• Jet Mass mjet - The mass of the four-vector sum of the constituents of the hard jet.
• Number of Subjets Nsubjets - The number of subjets found by the algorithm.
• Minimum Pairwise Mass mmin - The three highest pT subjets are taken pairwise, and

each pair’s invariant mass is calculated via mij =
q
(Ei + Ej)2 � (~pi + ~pj)2. mmin is

the mass of the pair with the lowest invariant mass (mmin = min[m12, m13, m23]). This
variable is not defined for jets with less than three subjets.

Jets that have mass close to the top mass, at least three subjets, and minimum pairwise mass
close to the W mass are tagged as top jets. Specifically:

140 < mjet < 250 GeV/c2 (2)
Nsubjets � 3 (3)

mmin > 50 GeV/c2 (4)

4.3.2 W tagging algorithm

The jet pruning algorithm also uses the Cambridge-Aachen R = 0.8 jets as inputs, described
in Section 4.2. In contrast to the top tagging algorithm, the jet pruning algorithm reclusters the
jet starting from the constituents, but again removes soft and wide-angle clusters. The same
parameters are chosen for the jet pruning algorithm as in the original theoretical papers [29, 30].
The following selection is also applied, which exploits the variables used in Ref. [44]:

• Number of Subjets Nsubjets - Require two subjets in the pruning algorithm.

• Pruned Jet Mass mjet - Require the total pruned jet mass to satisfy 60 GeV/c2 < mjet <
100 GeV/c2.

• Mass Drop - The subjet mass is used to sort the two subjets. By looking at the last
clustering iteration of the pruned jet, the mass drop of the hardest subjet (hereby re-
ferred to as 1), and is required to satisfy m1

mjet
= µ < 0.4. The mass drop requirement
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Figure 11: The 95% C.L. upper limit on a product of the production cross section of Z0 and a
branching fraction for its decay into tt̄ pair, as a function of assumed Z0 mass, for a combination
of “1+2” and “1+1” channels. The limits are evaluated using a Bayesian procedure, integrated
with Markov Chain MC. Three theoretical models are examined in shades of purple. From top
to bottom: a Kaluza-Klein gluon from Ref. [10], updated to 7 TeV via private communication
with the authors (Note: the KK gluon model has a width larger than that of the signal Monte
Carlo); a topcolor Z0 model from Ref. [25] with width 3%; and a topcolor Z0 model from Ref. [25]
with width 1.2%. (a) linear scale (b) log scale.
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Figure 8: Results of “type 1 + 1” high mass event selection and background estimates. The
yellow histogram is the QCD estimate from the data-driven technique described in the text,
and the red histogram is the estimate from tt̄ continuum production. A data-to-Monte-Carlo
scale factor of 0.86 ± 0.24 is also applied to the tt̄ Monte Carlo to account for differences in
the jet substructure algorithms in a semileptonic tt̄ control sample. The black points are the
data. The shaded gray boxes indicate the statistical and systematic uncertainty on the total
background estimate. The errors shown are not an accurate representation of the background
uncertainty in the counting experiment, as they do not take into account events moving in and
out of the signal window.
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Figure 5: Top tagging mistag rate derived from dijet data (red circles) versus trijet data (blue
squares), following the ‘anti-tag and probe’ procedure, as explained in the text. The rate de-
rived from dijet data is applied to the “Type 1 + 1” analysis, whereas the rate derived from
trijet data is applied to the “Type 1 + 2” analysis. There is a small (< 5%) contribution from
continuum tt̄ production that is removed, using the expectation from Monte Carlo.

However, because the quark/gluon fractions can be different (a priori) for dijet events (as in the
“1+1” analysis) and trijet events (as in the “1+2” analysis), the mistag rate must be separately
derived for the “1+2” analysis.

The mistag rate for trijet events is determined from data by the following procedure:

1. We select trijet events with the leading three jets passing the thresholds 350, 200, and 30
GeV/c respectively. No requirements are made on the jet masses for the “Type 1 Top
Candidate” nor the W candidate, and no requirements are made on the invariant mass of
the “Type 2 Top Candidate”.

2. The “Type 1” top candidate is then used as a “probe jet”.

3. As in the “1+1” case, the top tagging rate of the probe jet is taken as the mistag rate for
the algorithm. Because no selection criteria are made on the masses of the “Type 2 Top
Candidate”, nor the “W candidate”, this is still dominated by QCD in the right kinematic
regime, and is therefore an appropriate control region from which to derive the mistag
rate.

4. The small contribution from continuum tt̄ is removed based on the Monte Carlo expec-
tation.

The mistag rate as a function of jet pT for trijet events is shown in the blue squares in Fig. 5.
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Figure 1: Expected efficiency of the top (left) and W (right) tagging algorithms as derived from
Ref. [27].

the algorithm attempts to split the subjets found by the primary decomposition. In the process,
soft and wide-angle particles (relative to the parent in the clustering) are ignored. At least three
subjets are required. The following variables, defined for each jet passing the algorithm, are
used to tag top jets:

• Jet Mass mjet - The mass of the four-vector sum of the constituents of the hard jet.
• Number of Subjets Nsubjets - The number of subjets found by the algorithm.
• Minimum Pairwise Mass mmin - The three highest pT subjets are taken pairwise, and

each pair’s invariant mass is calculated via mij =
q
(Ei + Ej)2 � (~pi + ~pj)2. mmin is

the mass of the pair with the lowest invariant mass (mmin = min[m12, m13, m23]). This
variable is not defined for jets with less than three subjets.

Jets that have mass close to the top mass, at least three subjets, and minimum pairwise mass
close to the W mass are tagged as top jets. Specifically:

140 < mjet < 250 GeV/c2 (2)
Nsubjets � 3 (3)

mmin > 50 GeV/c2 (4)

4.3.2 W tagging algorithm

The jet pruning algorithm also uses the Cambridge-Aachen R = 0.8 jets as inputs, described
in Section 4.2. In contrast to the top tagging algorithm, the jet pruning algorithm reclusters the
jet starting from the constituents, but again removes soft and wide-angle clusters. The same
parameters are chosen for the jet pruning algorithm as in the original theoretical papers [29, 30].
The following selection is also applied, which exploits the variables used in Ref. [44]:

• Number of Subjets Nsubjets - Require two subjets in the pruning algorithm.

• Pruned Jet Mass mjet - Require the total pruned jet mass to satisfy 60 GeV/c2 < mjet <
100 GeV/c2.

• Mass Drop - The subjet mass is used to sort the two subjets. By looking at the last
clustering iteration of the pruned jet, the mass drop of the hardest subjet (hereby re-
ferred to as 1), and is required to satisfy m1

mjet
= µ < 0.4. The mass drop requirement
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Figure 11: The 95% C.L. upper limit on a product of the production cross section of Z0 and a
branching fraction for its decay into tt̄ pair, as a function of assumed Z0 mass, for a combination
of “1+2” and “1+1” channels. The limits are evaluated using a Bayesian procedure, integrated
with Markov Chain MC. Three theoretical models are examined in shades of purple. From top
to bottom: a Kaluza-Klein gluon from Ref. [10], updated to 7 TeV via private communication
with the authors (Note: the KK gluon model has a width larger than that of the signal Monte
Carlo); a topcolor Z0 model from Ref. [25] with width 3%; and a topcolor Z0 model from Ref. [25]
with width 1.2%. (a) linear scale (b) log scale.
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Figure 8: Results of “type 1 + 1” high mass event selection and background estimates. The
yellow histogram is the QCD estimate from the data-driven technique described in the text,
and the red histogram is the estimate from tt̄ continuum production. A data-to-Monte-Carlo
scale factor of 0.86 ± 0.24 is also applied to the tt̄ Monte Carlo to account for differences in
the jet substructure algorithms in a semileptonic tt̄ control sample. The black points are the
data. The shaded gray boxes indicate the statistical and systematic uncertainty on the total
background estimate. The errors shown are not an accurate representation of the background
uncertainty in the counting experiment, as they do not take into account events moving in and
out of the signal window.
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Black Holes at the LHC?
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BH at LHC: Theoretical Framework

Black hole

p p

RS

parton

parton

M2 = ŝ

σ ~ πRS
2 ~ 1 TeV −2 ~ 10−38 m2 ~ 100 pb

Comparable with that of the top-quark 
pair production!

    Cross section is given by a black 
    disk approximation:

Artist’s view:• Based on the work done with Dimopoulos a 
few years ago  [PRL 87, 161602 (2001)] 
and a related study by Giddings/Thomas 
[PRD 65, 056010 (2002)]

• Extends previous, more theoretical studies 
by Argyres/Dimopoulos/March-Russell 
[PL B441, 96 (1998)], Banks/Fischler 
[JHEP, 9906, 014 (1999)], Emparan/
Horowitz/Myers [PRL 85, 499 (2000)] to 
collider phenomenology

• Big surprise: BH production is not an exotic 
remote possibility, but the dominant effect!

• Main idea: when the c.o.m. energy reaches 
the fundamental Planck scale, a BH is 
formed!

• Also true in the RS models where Λπ is the 
characteristic scale
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• Schwarzschild radius is given by 
Argyres et al. [hep-th/9808138], after 
Myers/Perry [Ann. Phys. 172, 
304(1986)]; it leads to:

• Use parton luminosity approach with 
quark momentum distribution given 
by parton distribution functions

• Note: at c.o.m. energies ~1 TeV the 
dominant contribution is from quark-
quark interactions (BH w/ color, 
B ≠ 0)

LBNL RPM Seminar, September 29, 2011 Greg Landsberg, Modern Constraints on TeV Gravity 28

Black Hole Production

σtot = 0.5 nb 
(MP = 2 TeV, n=7)

LHC
n=4

σtot = 120 fb 
(MP = 6 TeV, n=3)

Dimopoulos, GL [PRL 87, 161602 (2001)]
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Black Hole Decay
• Hawking temperature: RSTH = (n+1)/4π 

(in natural units  = c = k = 1)
• BH radiates mainly in our 3D world: 

Emparan/Horowitz/Myers 
[PRL 85, 499 (2000)]
– λ ~ 2π/TH > RS; hence, the BH is a point 

radiator, producing s-waves, which 
depends only on the radial component

– The decay into a particle on the brane 
and in the bulk is thus the same

– Since there are much more particles on 
the brane, than in the bulk, decay into 
gravitons is largely suppressed

• Democratic couplings to ~120 SM 
d.o.f. yield probability of Hawking 
evaporation into γ, ±, and ν ~2%, 10%, 
and 5% respectively 

• Averaging over the BB spectrum gives 
average multiplicity of decay products:

Note that the formula for 〈N〉 is 
strictly valid only for 〈N〉 » 1 due
to the kinematic cutoff E < MBH/2; 
If taken into account, it increases
multiplicity at low 〈N〉

[Dimopoulos, GL, PRL 87, 161602 (2001)]

Stefan’s law: τ ~ 10-26 s
Saturday, October 1, 11
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String Balls at the LHC
• Dimopoulos/Emparan, 

hep-ph/0108060 – an attempt to 
account for stringy behavior for 
MBH ~ MS

• GR is applicable only for MBH > 
Mmin ~ MS/gS

2, where gS is the 
string coupling; MP is typically less 
than Mmin

• They show that for MS < M < Mmin, 
a string ball, which is a long jagged 
string, is formed

• Properties of a string-ball are 
similar to that of a BH: it 
evaporates at a Hagedorn 
temperature:

into a similar democratic mix of 
particles, with perhaps a larger 
bulk component

• Cross section of the string ball 
production is numerically similar to 
that of BH, due to the absence of a 
small coupling parameter:

• It might be possible to distinguish 
between the two cases by looking 
at the missing energy in the 
events, as well as at the production 
cross section dependence on the 
total mass of the object

• Very interesting idea; more studies 
of that kind to come!
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Black Hole Event Simulation

Simulated black hole event in the 
ATLAS detector

Simulated black hole event in the CMS 
detector

– Advanced Monte Carlo generators are available: 
CHARYBDIS2 (HERWIG-based generator with 
an elaborated decay models by Harris/
Richardson/Webber); CATFISH (Cavaglia); 
BlackMax (Dai et al.); QBH (Gingrich)
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Black Holes in CMS
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Search for Black Holes in CMS
• First dedicated collider search based

on the 2010 data published earlier this
year [Phys. Lett. B697 (2011) 434]

• Based on ST = ΣET, where the sum is
over all the objects with ET > 50 GeV,
including MET - very robust against the
fine details of evaporation

• Completely data-driven QCD 
background determination using a 
novel technique: ST-invariance of 
the final state multiplicity

• Empirically found and tested with 
various MC generators (PYTHIA, ALPGEN) up to high jet 
multiplicity
– Came as an initial surprise to all the theorists we mentioned it 

to - now trying to explain it from basic QCD principles!
– Note that one naively would expect such scaling for the 

invariant mass, which is simply the sum of total energy in the 
detector

• Doesn’t work as well: object minimum ET thresholds, pile-up!
33
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New Analysis with 2011 Data (1/fb]
• Established the empirical scaling with the data, using 

exclusive N = 2 and 3 multiplicities
• Assign shape uncertainty due to fit parameter variation 

and template function choice

34

3

which has been extensively studied for presence of new physics in dedicated analyses [22–24].
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Figure 1: Total transverse energy, ST, for events with a) N = 2, and b) N = 3 photons, electrons,
muons, or jets in the final state. Data are depicted as points with error bars; shaded band is the
data-driven background prediction (solid line) with its uncertainty. Non-QCD backgrounds
are shown as colored histograms. Also shown is black hole signal for three different parameter
sets, demonstrating small signal contamination.

We fit the ST distributions in data with N = 2 and N = 3 between 800 and 2500 GeV (where no
evidence for new physics has been observed in a dedicated analysis [22]) with the ansatz func-
tion P0(1+x)P1

xP2+P3 log(x) , which is shown with the solid line in Fig. 1. To check the systematic uncertainty
of the fit, we use two additional ansatz functions, P0

(P1+P2x+x2)P3
and P0

(P1+x)P2
, which are shown as

the upper and lower boundaries of the shaded curve in Fig. 1. The default choice of the ansatz
function is based on the best fit c2 to the ST distribution for N = 2. Additional systematic
uncertainty arises from a slight difference between the best fit shapes for N = 2 and N = 3.
Nevertheless, the fits for these two exclusive multiplicities are very consistent and agree with
each other within the uncertainties, demonstrating independence of the ST shape on the final
state multiplicity.

We then look at the inclusive samples with high multiplicity using the background shape from
the low multiplicity distributions, as shown in Fig. 2, normalized to the inclusive data in the
range of 1600 – 2000 GeV, where no signal contribution is expected. The data agree well with
the background shapes from the low-multiplicity samples and do not exhibit any evidence for
new physics. An event display of one of a black-hole candidate event (N = 10, ST = 1.1 TeV) is
shown in Fig. 3. The relatively high minimum requirement on jet transverse energy of 50 GeV
to be counted toward N and ST essentially eliminates jets from pile-up even at moderate ST
below the signal region, which is evident from the zoom on the vertex region in this figure,
which demonstrates that all 10 jets originate from the common, primary vertex.

Since no excess is observed above the predicted background, we proceed with setting limits on
black hole production. We assign systematic uncertainty on the background estimate varying
from 7% to 165% in the ST range used in this search. This uncertainty comes from the normal-
ization uncertainty (2% – 15%) added in quadrature to the uncertainties from using various fit
ansatz functions and the difference between the shapes obtained from the N = 2 and N = 3
samples. The integrated luminosity is measured in situ using forward calorimeters with 6% un-
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Figure 2: Total transverse energy, ST, for events with: a) N � 3, b) N � 4, c) N � 5, d) N � 6,
e) N � 7, and f) N � 8 photons, electrons, muons, or jets in the final state. in the final state.
Data are depicted as points with error bars; shaded band is the background prediction (solid
line) with its uncertainty. Also shown are black hole signals for three different parameter sets.

CMS PAS EXO-11-071

Saturday, October 1, 11



LBNL RPM Seminar, September 29, 2011 Greg Landsberg, Modern Constraints on TeV Gravity

New Analysis with 2011 Data (1/fb]
• Established the empirical scaling with the data, using 

exclusive N = 2 and 3 multiplicities
• Assign shape uncertainty due to fit parameter variation 

and template function choice

34

3

which has been extensively studied for presence of new physics in dedicated analyses [22–24].

 (GeV)TS
1000 1500 2000 2500 3000 3500 4000

Ev
en

ts
 / 

10
0 

G
eV

-110

1

10

210

310

410

510

610 N = 2
Data
Background
Uncertainty

 = 4.5 TeV, n = 6 min
BH = 1.5 TeV, MDM

 = 4.0 TeV, n = 4 min
BH = 2.0 TeV, MDM

 = 3.5 TeV, n = 2 min
BH = 2.5 TeV, MDM

Photon+Jets
W+Jets
ttbar
Z+Jets

CMS Preliminary
-1 = 7 TeV, 1.09 fbs

a)

 (GeV)TS
1000 1500 2000 2500 3000 3500 4000

Ev
en

ts
 / 

10
0 

G
eV

-110

1

10

210

310

410

510

610 N = 3
Data
Background
Uncertainty

 = 4.5 TeV, n = 6 min
BH = 1.5 TeV, MDM

 = 4.0 TeV, n = 4 min
BH = 2.0 TeV, MDM

 = 3.5 TeV, n = 2 min
BH = 2.5 TeV, MDM

Photon+Jets
W+Jets
ttbar
Z+Jets

CMS Preliminary
-1 = 7 TeV, 1.09 fbs

b)

Figure 1: Total transverse energy, ST, for events with a) N = 2, and b) N = 3 photons, electrons,
muons, or jets in the final state. Data are depicted as points with error bars; shaded band is the
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We fit the ST distributions in data with N = 2 and N = 3 between 800 and 2500 GeV (where no
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Figure 2: Total transverse energy, ST, for events with: a) N � 3, b) N � 4, c) N � 5, d) N � 6,
e) N � 7, and f) N � 8 photons, electrons, muons, or jets in the final state. in the final state.
Data are depicted as points with error bars; shaded band is the background prediction (solid
line) with its uncertainty. Also shown are black hole signals for three different parameter sets.
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Figure 2: Total transverse energy, ST, for events with: a) N � 3, b) N � 4, c) N � 5, d) N � 6,
e) N � 7, and f) N � 8 photons, electrons, muons, or jets in the final state. in the final state.
Data are depicted as points with error bars; shaded band is the background prediction (solid
line) with its uncertainty. Also shown are black hole signals for three different parameter sets.
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Limits on Black Holes
• Used the N=2 shape with its 

uncertainties, to fit higher 
multiplicities, where the signal 
is expected to be most 
prominent

• Given no excess, set limits on 
the minimum BH mass

• Despite lack of excess, see 
some truly spectacular events!
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Figure 2: Total transverse energy, ST, for events with: a) N � 3, b) N � 4, c) N � 5, d) N � 6,
e) N � 7, and f) N � 8 photons, electrons, muons, or jets in the final state. in the final state.
Data are depicted as points with error bars; shaded band is the background prediction (solid
line) with its uncertainty. Also shown are black hole signals for three different parameter sets.
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Figure 2: Total transverse energy, ST, for events with: a) N � 3, b) N � 4, c) N � 5, d) N � 6,
e) N � 7, and f) N � 8 photons, electrons, muons, or jets in the final state. in the final state.
Data are depicted as points with error bars; shaded band is the background prediction (solid
line) with its uncertainty. Also shown are black hole signals for three different parameter sets.

4

 (GeV)TS
2000 2500 3000 3500 4000

Ev
en

ts
 / 

10
0 

G
eV

-110

1

10

210

310

410
 3≥N 

Data
Background
Uncertainty

 = 4.5 TeV, n = 6 min
BH = 1.5 TeV, MDM

 = 4.0 TeV, n = 4 min
BH = 2.0 TeV, MDM

 = 3.5 TeV, n = 2 min
BH = 2.5 TeV, MDM

CMS Preliminary
-1 = 7 TeV, 1.09 fbs

a)

 (GeV)TS
2000 2500 3000 3500 4000

Ev
en

ts
 / 

10
0 

G
eV

-110

1

10

210

310

410
 4≥N 

Data
Background
Uncertainty

 = 4.5 TeV, n = 6 min
BH = 1.5 TeV, MDM

 = 4.0 TeV, n = 4 min
BH = 2.0 TeV, MDM

 = 3.5 TeV, n = 2 min
BH = 2.5 TeV, MDM

CMS Preliminary
-1 = 7 TeV, 1.09 fbs

b)

 (GeV)TS
2000 2500 3000 3500 4000

Ev
en

ts
 / 

10
0 

G
eV

-110

1

10

210

310

410
 5≥N 

Data
Background
Uncertainty

 = 4.5 TeV, n = 6 min
BH = 1.5 TeV, MDM

 = 4.0 TeV, n = 4 min
BH = 2.0 TeV, MDM

 = 3.5 TeV, n = 2 min
BH = 2.5 TeV, MDM

CMS Preliminary
-1 = 7 TeV, 1.09 fbs

c)

 (GeV)TS
2000 2500 3000 3500 4000

Ev
en

ts
 / 

10
0 

G
eV

-110

1

10

210

310

410
 6≥N 

Data
Background
Uncertainty

 = 4.5 TeV, n = 6 min
BH = 1.5 TeV, MDM

 = 4.0 TeV, n = 4 min
BH = 2.0 TeV, MDM

 = 3.5 TeV, n = 2 min
BH = 2.5 TeV, MDM

CMS Preliminary
-1 = 7 TeV, 1.09 fbs

d)

 (GeV)TS
2000 2500 3000 3500 4000

Ev
en

ts
 / 

10
0 

G
eV

-110

1

10

210

310

410
 7≥N 

Data
Background
Uncertainty

 = 4.5 TeV, n = 6 min
BH = 1.5 TeV, MDM

 = 4.0 TeV, n = 4 min
BH = 2.0 TeV, MDM

 = 3.5 TeV, n = 2 min
BH = 2.5 TeV, MDM

CMS Preliminary
-1 = 7 TeV, 1.09 fbs

e)

 (GeV)TS
2000 2500 3000 3500 4000

Ev
en

ts
 / 

10
0 

G
eV

-110

1

10

210

310

410
 8≥N 

Data
Background
Uncertainty

 = 4.5 TeV, n = 6 min
BH = 1.5 TeV, MDM

 = 4.0 TeV, n = 4 min
BH = 2.0 TeV, MDM

 = 3.5 TeV, n = 2 min
BH = 2.5 TeV, MDM

CMS Preliminary
-1 = 7 TeV, 1.09 fbs

f)

Figure 2: Total transverse energy, ST, for events with: a) N � 3, b) N � 4, c) N � 5, d) N � 6,
e) N � 7, and f) N � 8 photons, electrons, muons, or jets in the final state. in the final state.
Data are depicted as points with error bars; shaded band is the background prediction (solid
line) with its uncertainty. Also shown are black hole signals for three different parameter sets.

5

Figure 3: An event display of a N = 10 black hole candidate with ST = 1.1 TeV (Run 163332,
Event 196371106). Top: the transverse view of the event with 10 objects (jets) highlighted with
magenta cones. Bottom: the zoom on the vertex region in the view parallel to the beam-line.
All the jets clearly come from the same, primary vertex (red dot), despite a number of pile-up
vertices (blue dots). The nominal beam-spot position is shown with an orange dot.
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Limits on Black Holes
• Used the N=2 shape with its 

uncertainties, to fit higher 
multiplicities, where the signal 
is expected to be most 
prominent

• Given no excess, set limits on 
the minimum BH mass

• Despite lack of excess, see 
some truly spectacular events!
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Figure 2: Total transverse energy, ST, for events with: a) N � 3, b) N � 4, c) N � 5, d) N � 6,
e) N � 7, and f) N � 8 photons, electrons, muons, or jets in the final state. in the final state.
Data are depicted as points with error bars; shaded band is the background prediction (solid
line) with its uncertainty. Also shown are black hole signals for three different parameter sets.
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Figure 2: Total transverse energy, ST, for events with: a) N � 3, b) N � 4, c) N � 5, d) N � 6,
e) N � 7, and f) N � 8 photons, electrons, muons, or jets in the final state. in the final state.
Data are depicted as points with error bars; shaded band is the background prediction (solid
line) with its uncertainty. Also shown are black hole signals for three different parameter sets.
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Figure 2: Total transverse energy, ST, for events with: a) N � 3, b) N � 4, c) N � 5, d) N � 6,
e) N � 7, and f) N � 8 photons, electrons, muons, or jets in the final state. in the final state.
Data are depicted as points with error bars; shaded band is the background prediction (solid
line) with its uncertainty. Also shown are black hole signals for three different parameter sets.
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Figure 3: An event display of a N = 10 black hole candidate with ST = 1.1 TeV (Run 163332,
Event 196371106). Top: the transverse view of the event with 10 objects (jets) highlighted with
magenta cones. Bottom: the zoom on the vertex region in the view parallel to the beam-line.
All the jets clearly come from the same, primary vertex (red dot), despite a number of pile-up
vertices (blue dots). The nominal beam-spot position is shown with an orange dot.
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Figure 3: An event display of a N = 10 black hole candidate with ST = 1.1 TeV (Run 163332,
Event 196371106). Top: the transverse view of the event with 10 objects (jets) highlighted with
magenta cones. Bottom: the zoom on the vertex region in the view parallel to the beam-line.
All the jets clearly come from the same, primary vertex (red dot), despite a number of pile-up
vertices (blue dots). The nominal beam-spot position is shown with an orange dot.
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Model-Independent Limits
• First, set generic model-independent limits on new physics 

decaying to high-mass, high-multiplicity final states, with ST 
> STmin

• These limits, as a function of STmin are in a 1 fb range and 
can be used to probe generic black hole models, including 
trapped surface losses, bulk radiation, etc.

• They are also useful for other models of new physics, e.g. 
heavy resonances decaying into multijet states
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Figure 5: Model-independent 95% confidence level upper cross section limits for counting ex-
periments with ST > Smin

T as a function of Smin
T for a) N � 3, b) N � 4, c) N � 5, d) N � 6, e)

N � 7, and f) N � 8. The blue solid (red dotted) lines correspond to an observed (expected)
limit for nominal signal acceptance uncertainty of 5%, compared to observed (expected) limits
obtained on 2010 CMS data and shown as blue dashed (red dash-dotted) line.
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Figure 5: Model-independent 95% confidence level upper cross section limits for counting ex-
periments with ST > Smin

T as a function of Smin
T for a) N � 3, b) N � 4, c) N � 5, d) N � 6, e)

N � 7, and f) N � 8. The blue solid (red dotted) lines correspond to an observed (expected)
limit for nominal signal acceptance uncertainty of 5%, compared to observed (expected) limits
obtained on 2010 CMS data and shown as blue dashed (red dash-dotted) line.
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Figure 5: Model-independent 95% confidence level upper cross section limits for counting ex-
periments with ST > Smin

T as a function of Smin
T for a) N � 3, b) N � 4, c) N � 5, d) N � 6, e)

N � 7, and f) N � 8. The blue solid (red dotted) lines correspond to an observed (expected)
limit for nominal signal acceptance uncertainty of 5%, compared to observed (expected) limits
obtained on 2010 CMS data and shown as blue dashed (red dash-dotted) line.
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Semi-Classical Limits
• Not very useful at these relatively low masses, but give one 

an idea on the typical mass reach
• Important point is low sensitivity on the parameters of the 

production and decay model, such as remnant, rotation, etc.
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Figure 7: Limits on the black hole model parameters for several benchmark scenarios. The
areas below each curve are excluded by this search.

 (TeV) minM
3.5 4 4.5 5 5.5

 (p
b)

σ

-310

-210

-110

1
String Ball (BlackMax)

 = 0.4
s

 = 1.3 TeV, gs = 1.6 TeV, MDM
 = 0.4

s
 = 1.0 TeV, gs = 1.3 TeV, MDM

 = 0.4
s

 = 1.7 TeV, gs = 2.1 TeV, MDM

Theoretical Cross Section
 = 0.4

s
 = 1.3 TeV, gs = 1.6 TeV, MDM

 = 0.4
s

 = 1.0 TeV, gs = 1.3 TeV, MDM
 = 0.4

s
 = 1.7 TeV, gs = 2.1 TeV, MDM

CMS Preliminary
-1 = 7 TeV, 1.09 fbs

Figure 8: Cross section limits at 95% confidence level from the counting experiments optimized
for various string ball parameter sets compared with signal production cross section. Colored
solid lines show experimental cross section limits, while dotted lines represent corresponding
signal cross sections.

9

 (TeV) min
BHM

2.5 3 3.5 4 4.5 5

 (p
b)

σ

-210

-110

1

10

210
CMS Preliminary

-1 = 7 TeV, 190 pbs
Non-rotating Black Holes

 = 2.5 TeV, n = 2DM
 = 2.0 TeV, n = 4DM
 = 1.5 TeV, n = 6DM

Theoretical Cross Section
 = 2.5 TeV, n = 2DM
 = 2.0 TeV, n = 4DM
 = 1.5 TeV, n = 6DM

Figure 5: Cross section limits at 95% confidence level from the counting experiments optimized
for various black hole parameter sets compared with signal production cross section. Colored
solid lines show experimental cross section limits, while dotted lines represent corresponding
signal cross sections. The corresponding expected limits are 3.9, 4.5, and 4.8 TeV.

 (TeV)DM
1.5 2 2.5 3 3.5

 (T
eV

)
 m

in
BH

Ex
cl

ud
ed

 M

3.8

4

4.2

4.4

4.6

4.8
CMS Preliminary

-1 = 7 TeV, 190 pbs

n = 2

n = 4

n = 6

Non-Rotating
Rotating
Stable Non-Interacting Remnant

Figure 6: Limits on the black hole model parameters for several benchmark scenarios. The
areas below each curve are excluded by this search.

CMS PAS EXO-11-071

Saturday, October 1, 11



LBNL RPM Seminar, September 29, 2011 Greg Landsberg, Modern Constraints on TeV Gravity

String Balls Limits
• An attempt to see the sensitivity of our results to 

quantum effects is to interpret our limits in terms of 
string balls - quantum precursors of black holes

• First limits on string balls from a collider experiment
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ATLAS Search for Semiclassical BH
• Preliminary result from ATLAS based on 2010 data
• Uses the technique pioneered by CMS: obtain 

backgrounds to high-multiplicity final states (N ≥ 5) 
from low-multiplicity ones (N < 4; dominated by N=2)

• Set limit on the minimum black-hole mass as a 
function of MD on semiclassical black holes without 
graviton radiation

• Similar to published CMS
results
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6

signal normalisation is estimated by the convolution of all the systematic uncertainties and, accounting
for the correlations between them. The integrated luminosity is 35.0± 1.2 pb−1 [29]. For a typical signal
case (n = 4,MD = 1 TeV, and Mth = 3 TeV), the total uncertainty in the expected 492 events in the
signal-dominated region R3 is 13%.

8 Results and discussion

Figure 6 shows the
∑

pT distributions for data. The points show the observed events for NJ ≥ 5. The
histogram is obtained from events with NJ < 5, by retaining the shape but adjusting the normalisation so
that the number of events in the region 1.1 <

∑
pT < 1.2 TeV is the same as for the NJ ≥ 5 case. The

yellow uncertainty band shows the total uncertainty, including statistical uncertainties and all systematic
uncertainties. The two distributions agree within the uncertainties, indicating no evidence of a signal. A
χ2-test applied to the two distributions shown in Fig. 6 over the range 1.2 TeV to 2.0 TeV and including
both systematic and statistical uncertainties yields a value of 7.2 for eight degrees of freedom.
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Figure 6: Scalar sum of jet transverse momentum (
∑

pT) for observed events with less than five jets
(histogram) and events with greater than or equal to five jets (dots). The histogram is normalised to the
number of events in the region 1.1 <

∑
pT < 1.2 TeV. The yellow band represents the total uncertainty,

including the statistical uncertainties and the systematic uncertainties added in quadrature.

Table 2 shows the number of events observed in data in each of the four regions described in Sec-
tion 6. Under a background-only hypothesis, the fit yields an expectation of 3.7 ± 1.0(stat) ± 1.1(sys)
events with NJ ≥ 5 and

∑
pT > 2 TeV, compared to seven observed events. This small excess is not

significant.

8.1 Limits on black hole production

In the absence of an observed signal, a model-independent upper limit on the cross-section times accep-
tance for events with high jet multiplicity (greater than four) and high

∑
pT (greater than 2 TeV) can

be calculated. Using a Bayesian approach and assuming a flat prior probability density function over
the cross-section times acceptance for the signal, we obtain an upper limit on the cross-section times
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dimensions n. CTEQ6.6 PDFs are used for the signal contribution. Lines of fixed ratio Mth/MD = 2, 3,
and 4 are also shown.
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ATLAS Search for LFV BH
• Take low-background final state of 

same-charge dimuons
• Use this to set the limits on the BH 

decay (model-dependent!) by 
considering high-multiplicity events
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Figure 2: The track multiplicity distribution for all same-sign dimuon events. We select the region with
NTracks � 10 as the signal region. The background histograms are stacked. The signal expectation for a
non-rotating black hole model with parameters MD = 630 GeV, MTH = 3 TeV, and one extra dimension
is overlaid for illustrative purposes.

data.

Process Events
bb̄ 0.26 ± 0.26(stat) ± 0.02(syst)
tt̄ 3.97 ± 0.10(stat) ± 0.88(syst) ± 0.13(lumi)

µ+fake 4.0± 0.3(stat) ± 2.7(syst)
Predicted 8.2 ± 0.4(stat) ± 2.8(syst) ± 0.13(lumi)
Observed 4

Signal MTH = 3000 GeV 22.7 ± 1.3(stat)

Table 3: Number of expected background events and number of observed data events in the signal
region. The signal expectation for a non-rotating black hole model with parameters MD = 630 GeV,
MTH = 3 TeV, and one extra dimension is also shown.

7 Interpretation

Using the observed number of data events and the background expectations, upper limits are set on the
cross section (�) ⇥ the branching ratio to dimuons (BR) ⇥ the acceptance (A) of non Standard Model
contribution in the signal region. The profile likelihood method with the q̃µ test statistic [33] is used
to derive the upper limits. All statistical and systematic uncertainties on the background are taken into
account. The 95% confidence level limit on � ⇥ BR ⇥ A derived from the data in the signal region is
0.148 pb. This limit is stronger than the expected limit of 0.277 pb and falls between the 1� and 2�
ranges of the expected limit. To avoid the statistical fluctuation that strengthened the result, ATLAS
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(a) Exclusion contour for non-rotating black holes with 2 extra dimensions
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(b) Exclusion contour for non-rotating black holes with 4 extra dimensions
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(c) Exclusion contour for non-rotating black holes with 6 extra dimensions

Figure 3: 95% C.L. exclusion contours for non-rotating black holes taking into account all statisti-
cal and systematic uncertainties. The top row is for two extra dimensions, the middle for four, and
the bottom for six extra dimensions. The left(right) column corresponds to signal generation with the
CTEQ66(MRST2007) PDF set. The dashed blue line shows the expected exclusion contour with the 1
and 2 � uncertainty in green and yellow respectively. The solid black line shows a constrained limit at
the 1� boundary of the estimated sensitivity, which is quoted as the final result. The region below the
contour has been excluded by this analysis. The dash-dotted line is the unconstrained limit derived from
data. It lies within the 2� band of the expected limit, however this yellow band is not shown on that side
of the sensitivity contour. The figures show lines of constant slope equal to 3,4, and 5. Only slopes much
larger than 1 correspond to physical models.
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(a) Exclusion contour for non-rotating black holes with 2 extra dimensions
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(b) Exclusion contour for non-rotating black holes with 4 extra dimensions
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(c) Exclusion contour for non-rotating black holes with 6 extra dimensions

Figure 3: 95% C.L. exclusion contours for non-rotating black holes taking into account all statisti-
cal and systematic uncertainties. The top row is for two extra dimensions, the middle for four, and
the bottom for six extra dimensions. The left(right) column corresponds to signal generation with the
CTEQ66(MRST2007) PDF set. The dashed blue line shows the expected exclusion contour with the 1
and 2 � uncertainty in green and yellow respectively. The solid black line shows a constrained limit at
the 1� boundary of the estimated sensitivity, which is quoted as the final result. The region below the
contour has been excluded by this analysis. The dash-dotted line is the unconstrained limit derived from
data. It lies within the 2� band of the expected limit, however this yellow band is not shown on that side
of the sensitivity contour. The figures show lines of constant slope equal to 3,4, and 5. Only slopes much
larger than 1 correspond to physical models.
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ATLAS Search for Quantum BH
• Decay very fast, possibly before thermalization
• Dominant decay mode: 2 jets (Meade-Randall model)
• Search for bumps in the dijet mass spectrum and 

an excess of central 
events using dijet angular 
distribution
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Figure 11. The cross section × acceptance for QBHs as a function of MD for two,
four and six extra dimensions. The measured and expected limits are shown in the
solid and dashed line.

Table 4. The 95% C.L. exclusion limits on MD for various choices of extra dimensions
for the Randall-Meade QBH model determined by the θnp parameter analysis for
mjj > 2.0 TeV.

n Expected Observed

Extra Dimensions Limit (TeV) Limit (TeV)

2 2.91 3.26

3 3.08 3.41

4 3.20 3.53

5 3.29 3.62

6 3.37 3.69
7 3.43 3.75

are listed in Table 4.

The limit for σQBH × AQBH may also be applied to any new physics model that

satisfies the following criteria: (1) the Fχ of np signal-only event samples should be

roughly independent of mjj, as is the case for q∗, QBH, and contact interactions; and

(2) this Fχ should be close to the value of Fχ for the current QBH study [0.58]. It is

not necessary that the mjj spectrum be similar, or that the QCD+np sample have the
same Fχ.

It should also be noted that the results from this θnp parameter analysis are in

agreement with the expected and observed limits obtained for the same QBH model
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Where We Stand?
• We haven’t seen any signs of TeV-scale gravity yet

– The LHC became the key player in this field in the just past 9 months

• Fantastic machine and detector performance allowed us to probe 
Planck scale up to ~3-4 TeV, significantly extending previous limits

• We have excluded various classes of black holes and their precursors 
with masses less than ~4-5 TeV

• There is little chance left that we can see quantum gravity effects at 
the 7 TeV machine
– This chapter has been simply closed in the last few months!

• The 14 TeV LHC upgrade and new high-energy run of ~2015 would 
allow to probe significantly higher scales and ultimately decide if TeV-
scale gravity can be a solution to the hierarchy problem

• However given the existing constraints, it is clear that if we produce 
black-hole-like objects at 14 TeV, they will be highly non-classical

• Possible description of these objects is where the theoretical effort 
should be focused in order to lead us in the new chapter on this
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Thank You!
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